ABSTRACT Infrared small target detection in extreme environments such as low illumination or complex background with low signal clutter ratio is of crucial significance and counted as a difficult task in infrared search and tracking systems. In this paper, an effective infrared small target detection method is proposed based on the human visual system characteristics and multiple feature analysis. By using the contrast mechanism and visual attention mechanism, spatial gray level-based feature map and saliency extraction based feature map from frequency domain are obtained. Based on the characteristics of infrared dim target images and human visual attention mechanism, the target saliency features are revealed through the feature analysis in the spatial domain and frequency domain respectively. The saliency features from each feature map are applied to the final saliency map. By this means, the background clutter and noise are inhibited and the targets are distinct for the various scenes in the infrared images. The experimental results show that the proposed method has a robust and effective performance in terms of detection and false alarm rates. Comparing with the other methods in the experiments, the proposed method is feasible and adaptable in the various scenes of infrared images.
I. INTRODUCTION
It is well known that object detection is widely applied in various fields, such as aerospace, remote sensing, surveillance, security, healthcare and so on [1] - [7] . In the image or video, object detection such as face detection, color or shape detection, action detection, object of interest detection and so on, play crucial roles in numerous applications. In some fields, such as smart healthcare system, target detection and action detection are important research issues of the smart healthcare technologies for the old people, which is used to track the people and detect the falling action. The object of interest detection in the medical images also can assist to develop the healthcare system technologies. The face detection is widely used in the security system. The emotion awareness and authentication based on the face detection are popular
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research issues for the multimedia system. Dim and small target detection in infrared (IR) images is one of the crucial techniques in the practical projects, such as precise guidance, pre-warning, video surveillance, search and tracking system, and so on [8] - [10] . Generally, the IR target contains a little pixels and presents as spot-like feature [1] , which is submerged in the background easily. In the infrared search and tracking system, unconstrained and extreme environments such as low illumination, unknown background clutter and noise introduced by the sensor system and natural factors make the discovery of the IR small target hard. Therefore, the IR small target detection is difficult and challenging in the practical applications.
Over the past few decades, many typical algorithms are proposed and applied in the IR small target detection, such as wavelet transform algorithms [9] , facet model [11] , morphology method [12] , sparse matrix and low-rank matrix decomposition method [13] , and so on. In recent years, human visual system characteristics are introduced in the IR small target detection and have superior performance. The properties of human visual system (HVS) such as contrast mechanism, multi-resolution, size adaptation, pop-out phenomena, and so on, can benefit the object detection in image processing. Human vision has selective attention property, and the salient regions attract attention of human quickly in the complex background. As a typical representation of the visual attention, saliency map is now widely used in many computer vision applications such as image segmentation, object detection and recognition [14] - [17] . Qi et al. [18] proposed a fast saliency method which can detect small salient regions well. Based on gradient enhancement operation combined with Gaussian smoothing, a facet kernel operator can highlight the target and suppress the background. Huang et al. [19] introduced the directional difference of Gaussian filter to cope with complicated background because the directional difference of Gaussian can restrain the irregular edges with fan like shapes. The salient regions such as the small targets in the image can be remained. Han et al. [17] utilized the multiscale relative local contrast measure which can make the salient regions have significant contrast and deal with different sizes of small targets. In this way, the target is enhanced and the background is suppressed. However, some of these methods cannot effectively enhance the small target in the complex background. The bright noise in the background would be remained by some methods. The parameters in some methods would not be chosen appropriately for various image scenes.
In this paper, an IR small target detection method is proposed through constructing the multiple feature maps, which combines the spatial saliency characteristics of spatial domain with extracted saliency information of frequency domain. As the infrared target image presents different saliency features in different image domains. The saliency characteristics of the IR images are analyzed from the spatial and frequency domain respectively. The spatial gray level based feature map and the saliency extraction based feature map are designed respectively. A spatial gray level based feature map is based on the HVS contrast mechanism. The map is obtained by the modified morphology filters and weighted gray map, which contains the multiple orientations and scales for removing the background and enhancing the target respectively. By analyzing frequency characteristics of the IR target images, the other saliency extraction based feature map is computed by the difference of bilateral filters to extract various frequency components. The multiple features from different saliency maps present the saliency information of IR image from different views which can help improve the signal-to-clutter ratio of IR images. The multiple features from the different saliency maps are integrated in the final stage to benefit the target enhancement and the background inhibition. The final enhanced saliency map can have the robust ability to separate the IR small target from the jamming objects.
The rest of paper is organized as follows. In Section 2, spatial gray level based feature map and multi-scale saliency based feature map are described, including the morphological filter in multi-direction, multi-scale weighted gray map and saliency extraction. Experimental results are presented in Section 3, and the conclusion is in Section 4.
II. TARGET DETECTION BASED ON THE MULTIPLE FEATURES
The IR small target contains a few pixels in the IR image and is easily submerged in the background clutter because of the long distance between the targets and sensors. Usually, the IR small target has high intensity than that of the surrounding background and like a spot in the image. In the raw IR images, the small targets are defined to have a total spatial extent of less than 80 pixels [1] . Usually, a raw IR image F (x,y) can be formulated as:
where, (x, y) is the coordinate of the image pixel, F T (x, y) is the gray value of target pixel, F B (x, y) and F N (x, y) are gray values of background and noise respectively. According to the HVS characteristics, the response of ganglion cell to contrast pattern is linear to contrast [19] . It means that the HVS can perceive the brightness of target according to the contrast between the target and background. The contrast between the intensity of target and background, instead of the amplitude of a visual target signal, can make a target or pixel stand out against its neighbors. Meanwhile, human visual attention has selective property for the salient region in the complex scene. Visual attention model can search the salient target efficiently without the background interference in the field of target detection and recognition. Based on the contrast mechanism and visual attention mechanism, spatial gray level based feature map and multi-scale saliency based feature map for improving the target signal-to-clutter rate and extracting the multi-scale saliency information are described in the follows.
A. MATHEMATICAL MORPHOLOGY THEORY
Mathematical morphology theory is deduced from the set theory and integral geometry, which is a vital theory in image processing and pattern recognition [21] . Reconstruction is a part of the mathematical morphology theory, and related to the two basic morphological operators: dilation (⊕) and erosion ( ), which are defined as follows:
where, D B is the domain of structuring element B. If the mask image is F, the marker image is F m , the dilation result VOLUME 7, 2019 computed between F and F m by structuring element B is denoted by D
(1)
F is defined as follows:
where,
Opening by reconstruction O R is the reconstruction by dilation of F m which is the erosion result of F by using the structuring element C.
So the white tophat-by-reconstruction operator RWTH (F) is defined as:
Similarly, reconstruction by erosion is denoted by R E F , which is defined as follows:
Then closing by reconstruction is denoted by C R ,
The black tophat-by-reconstruction operator RBTH (F) is defined as:
The local bright features can be smoothed through opening by reconstruction in the image, to the contrary, some dim features can be removed using closing by reconstruction. The RWTH and RBTH can obtain the local bright features and the dim features respectively. Considering the gray value of IR small target pixel is usually higher than that of its neighbor background, we discuss the work in the condition of bright IR target in detail.
B. SPATIAL GRAY LEVEL BASED FEATURE MAP
According to the definition above, the marker image F m determines the region of a mask image F which is reconstructed or not. Therefore, the choice of the marker image plays an important role. To obtain the target region and remove the background by RWTH, the target pixels in F m need to be eroded and the background regions need to be preserved as much as possible. Generally, F m is the erosion result of F. The background clutter in the IR image has complicated edges and texture features. If we select a single rectangle or disk structuring element as usual, the result of suppressing the background would not be satisfied. So, we proposed a modified RWTH (MRWTH).
We introduce the directional operation to get a proper marked image. The multi-directional linear structuring elements are exploited, which can be sensitive to orientations for inhibiting irregular edges of background clutter. It is described as follows:
where, C n (n= 1, 2, . . . ,N ) are the linear structuring elements in each direction, which can erode target in multiple orientations. The result of erosion is selected as follows:
In the experiments, we use eight directions and the interval of direction is π/8. Considering a real IR small target is usually less than 80 pixels, the length of linear structuring element is set as 9. The mask image F m get from (14) is used in RWTH forming the MRWTH which can cope with the orientation information to suppress the irregular background edge. The contrast between the target and background can be improved by suppressing the background.
The local region which contains the small target pixels is usually brighter than the surrounded regions and not spatially correlated with its surroundings. The MRWTH can improve the contrast between the target and its surroundings by inhibiting the irregular background. In order to enlarge the contrast further through enhancing the target signal, a weighted gray map based on the MRWTH is proposed. A multi-scale binomial kernel induced from the Laplacian operator, which is as follows:
The binomial kernel is considered as a weighted map to enhance the result of MRWTH, which is used to obtain the convolution with the MRWTH. It can be seen that W 3×3 is the original Laplacian operator. If the pixel is in the homogeneous background, the result of the convolution would be zero approximately. If the pixel in the salient region, the result of the convolution would be larger than zero because of the local salient region is discontinuous with its neighbor. So, the larger contrast between a pixel and its surroundings, the larger result of the kernel convolution. Then, the MRWTH and weighted gray template can suppress the background and strengthen the target simultaneously. Since the target size is unknown in practical applications and the real IR targets do not exceed the 80 pixels, the parameter t is odd and belongs to [3] , [9] . The spatial gray level based feature map is computed as follows:
where * is the convolution operation, S1 is spatial gray level based feature map. The calculation of spatial gray level based feature map is in Algorithm 1.
Algorithm 1 The Spatial Gray Level Based Feature Map
Input: the original image F Output: the spatial gray level based feature map S1 1.The number of orientations is l, the size of the image is
C. THE BILATERAL FILTER THEORY
Gaussian kernel is commonly applied to reduce the noise and smooth the image. The multi-scale Gaussian kernels can present different scales saliency details in the linear scale space. Based on the spatial and range Gaussian kernels, the bilateral filter can preserve the saliency details in the spatial and range domains, which can be suitable for various image scenes. The pixel u of image f filtered by the bilateral filter is calculated as follows [22] :
where h is denoted as the Gaussian function, σ s and σ r are the standard deviations of the Gaussian functions, P is the local region domain.
D. SALIENCY EXTRACTION BASED FEATURE MAP
In a real IR image, the gray values of the background regions change slowly and have homogeneous distribution approximately. In the frequency domain, the background region is considered as low frequency part. On the contrary, the target region is not consistent with its neighbor regions and presents difference among its surroundings. The target signal has high frequency. In addition, some clutter from the sensors always has higher frequency. So the salient region which contains the small target can be extracted by suppressing the background and clutter in the frequency domain through band pass filters [15] . The difference of Gaussian is usually used to obtain the saliency map. As the different value of the standard deviations can smooth the fine scale details of the image saliency features in different degrees, we design the several band pass filters based on difference of bilateral (DoB) filters as follows: (20) where N is the number of the DoB filters. The results of the DoB filters reveal the band frequency at several scales. If the σ n s2 is equal to σ n−1 s1 , and σ n r2 is equal to σ n−1 r1 , (20) is simplified as follows:
It can be seen that the band pass filters based on the DoB can be constructed by the difference of the two bilateral filters, which benefit the preservation of the spatial frequency from the IR image for computing the saliency map. Here, the band pass filter based on the DoB is used to extract the saliency features for simplicity as follows:
where f m is based on the neighborhood average method to get the low cut-off frequency and the f b gets the high cutoff frequency. D is the saliency extraction result. We set the values of σ s1 and σ r1 are 4 and 0.1 to extract the fine-scale saliency features in the simulation. The local region domain P is set as square regions with the side of nine pixels because the IR small targets do not exceed 80 pixels. The calculation of saliency extraction based feature map is the Algorithm 2.
Algorithm 2 Saliency Extraction Based Feature Map
Input: the original image F Output: the saliency extraction based feature map S2 1.The number of pixels in image is U 2.For u = 1:
The spatial gray level based feature map and saliency extraction based feature map are based on the contrast mechanism and visual attention mechanism respectively. The multiple features from the spatial and frequency domains would be complementary the final saliency map enhancement. The final saliency map is as follows:
According to the multiple feature maps, the saliency characteristics are presented in the different domains. The final saliency map can be enhanced based on the multiple feature maps. The target position can be easily obtained by the simple threshold segmentation. The Fig. 1 shows the flow chart of the proposed method. 
III. EXPERIMENTAL RESULTS
To evaluate the target detection performance of the proposed method, the simulation experiments based on the real IR images and the simulated images are introduced. In Fig. 2 , the original gray images are shown in the first row and their three-dimensional gray level distributions are presented in the second row. The images (A), (B), (C), and (D) are the real IR images are collected by the IR detector. The small target is the airplane and labeled by the rectangle in the image. The images (A), (C) and (D) have numerous clutter in the background, and some regions of the images are high light. But the targets are dim and submerged in the clutter. The target is in the cloud with low signal to clutter ratio and cannot be perceived easily in image (B). The images (E) and (F) are the simulated images which simulate the cloud through the method in literature [23] . The simulated IR small targets are distributed randomly in the images. The targets are weak and the simulated cloud background are irregular. Some methods based on the HVS or saliency maps are chosen for the comparison in the experiments, including modified top-hat transformation (MT) [12] , fast saliency method (FS) [18] , multi-patch contrast method (MPCM, as mentioned in literature RLCM [17] ), and relative local contrast method (RLCM) [17] . These methods and the proposed method are tested based on the images in Fig. 2 . Through the three-dimensional gray level distributions of the results, the performance of background suppression and target enhancement of these methods can be perceived directly by the visual sense. In order to further assess these methods about the difficulty degree of small target detection, some widely used metrics are introduced. The metrics to evaluate the performances of the methods are signal-to-clutter ratio gain (SCRG) and background suppression factor (BSF) [24] , which are as follows:
where S and C are the signal amplitude and the clutter standard deviation respectively. The in and out are the original image and the result of the method. The SCRG and BSF present the degree of the target enhancement and the background suppression. The metric reflecting the relationship between the detection rate Pd and false alarm rate Pf is receiver operator characteristic (ROC) curve [12] , which is defined as follows: disturb the target signal. In the results (a5)-(a6), the most of the background is not suppressed effectively and the targets are covered by the background. The method FS can enhance the target well in the simple background. However, if the background scenes are complex, the saliency maps would be influenced by the bright noise, such as the results (b1)-(b4). The method MPCM can magnify the target signal-to-clutter rate in some results such as (c1), (c4), (c5) and (c6). But in the other images, the background regions with high intensity are not suppressed sufficiently which can disturb the target detection. RLCM can strengthen the signals of targets without the effect of background clutter in some results such as (d2) and (d4). But in the other images, the great majority of background is not eliminated. The proposed method can remove the background effectively based on the images in Fig. 2 . In some images which have low signal-to-clutter ratio, the proposed method still have robust performances to improve the target signal. It can be seen that the proposed method has feasible and adaptive ability for the various and complex scenes in IR images. Table 1 and Table 2 are about SCRG and BSF indexes. The higher value of each index reflects a better capability for the target detection. The line (FL) and (FR) SCRG are the left and right targets in image (F) respectively. In the tables, it can be seen that the proposed method have a better performance compared with the other methods in the experiments for improving the target signalto-clutter rate and inhibiting the background. In the terms of the ROC curves in the Fig. 4 , the different methods have own advantages under different conditions. At the same false alarm rate, the proposed method has higher detection rates than the other methods in the experiments. The proposed method can have robust ability with high detection rates and low false alarm rates simultaneously.
According to the experiments, it can be seen that the proposed method can have effective and robust performance in terms of background inhibition and target enhancement. However, there are some limitations in the proposed method which can be improved in the future. In the actual environment, the inhomogeneous and deficient images would affect the performance of the proposed method. For the heavy interference of the background in the images, the adaptability of the proposed method could be improved further.
IV. CONCLUSION
In this paper, we proposed an effective IR target detection method based on the multiple feature analysis. Based on the contrast mechanism and visual attention mechanism, spatial gray level based feature map and saliency extraction based feature map are designed for the final saliency map enhancement. It can highlight the target signal and suppress the background, which can separate the target from the complex background. The experimental results show that the proposed method is robust in improving the values of SCRG and BSF of the images, and has significant performance in terms of the detection rate and false alarm rate.
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